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In three earlier  papers  (18-20)  measurements  have  been given of 
the  rate  of  oxygen  consumption  by the  fertilized  and  unfertilized 
eggs of the brown alga Fucus vesiculosus, the clam Cumingia tellinoides, 
and the polychaete worm Nerds limbata.  This  paper  presents  the 
results of similar although more extensive measurements on the eggs 
of the annelid Chaetopterus,  and measurements on the eggs of the sea 
urchin Arbacia punctutata.  The measurements on these several forms 
have all been made in absolute units,  as a  function of the volume of 
(wet) eggs, and a  comparison of the rates on the same absolute scale 
shows some order and correlation between the changes in rate which 
separately  appear  wholly  diverse.  The  comparative  relations  can 
best be considered after the results of the measurements on Chaetop- 
terus  and Arbacia have been given,  and they are discussed in Paper 
V  (2a). 
The eggs  of the Chaetopterus are a  little more than 100 microns in diameter. 
They are obtainable in abundance in good seasons, such as during the months of 
July and August, 1930,  when these measurements were made at  Woods Hole. 
Enough eggs were obtained from one female for a complete experiment with con- 
trols.  Warburg manometers were used.  Of the species  mentioned above, the 
Chaetopterus eggs are preeminently the most suited to manometric measurements. 
They withstand shaking to an exceptional degree,  with comparatively little effect 
on the rate of oxygen consumption, the fertilization, or the development.  The 
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eggs are enclosed in a tough outer membrane which lifts at fertilization to become 
the  fertilization membrane,  as  may  be  demonstrated  with  the  microdissection 
needle.  The presence of this tough membrane on the unfertilized egg is no doubt 
partly  responsible for the  resistance of the egg to  damage  from shaking.  The 
eggs of Nerds and Cumingia  also have tough protecting membranes and they too 
are comparatively constant  in their metabolic rates  and  other activities during 
the course of prolonged shaking.  The relatively naked unfertilized eggs of Fucus 
and  Arbacia  on  the other  hand  are  so  susceptible  to  too  rapid  shaking,  which 
causes an increase in the respiratory rate and then cytolysis, that results are more 
variable.  It is difficult to avoid depression of the rate of respiration by CO2 re- 
tained in the medium if the rate of shaking is too greatly reduced in order to avoid 
damage to these eggs, while on the other hand an erroneously high measure results 
if the rate of shaking is so fast as to damage the eggs, and this is the error which is 
most apt to occur unless care is taken. 
The proper rate of shaking of the manometers is a complex function when limi- 
tations  are  imposed  by  delicacy of  the  biological  material.  The rate  must 
be rapid enough to maintain gas equilibrium between the sea water and the gas 
space in the vessel and will therefore depend both on the concentration of eggs 
and upon their absolute rate of respiration.  Preliminary experiments were made 
with Chaetopterus eggs,  using the results of previous work already done on Fucus 
as a starting point, to determine the best rate of shaking with the vessels employed. 
This was followed by a biological check.  First, the least approximate concentra- 
tion of eggs was determined which would consume enough oxygen in a short time 
to shift the manometer fluid well beyond the limits of the reading error.  With 
approximately this concentration of eggs as a working basis, the absolute rate of 
oxygen consumption per unit volume of eggs was measured with changes in the 
rate of shaking.  The condition of the  eggs after prolonged shaking at  various 
rates was observed and samples were inseminated.  The rate of oxygen consump- 
tion was the most sensitive of these factors to the rate of shaking.  With the par- 
ticular vessels employed, and with an amplitude of 7.5 cm., it was found that thirty 
round trip shakes per minute or less gave a reduced rate of respiration compared 
with higher shaking rates, and further, a rate which steadily declined as consecu- 
tive measurements  were made.  With  from thirty-six to  forty-eight shakes  per 
minute however the absolute rate  was  the  same,  and  neither increased nor de- 
creased when consecutive measurements  were made for as  long as  8 hours.  It 
seemed safe then to assume that  forty-eight round trip  shakes  per  minute was 
rapid enough to avoid suppression, and further it did not damage the eggs in re- 
spect to any feature affecting respiratory rate, since this rate did not change with 
prolonged shaking (Table I).  Unfertilized eggs shaken steadily at this rate for 8 
hours repeatedly fertilized in the same proportion as fresh controls at the start of 
the  experiment,  often 95-100  per cent fertilization.  Fertilized eggs  shaken  for 
8  hours  developed as  uniformly and  at  the  same rate  as  unshaken  controls in D.  ax.  WHXTAY~R  477 
covered finger-bowls.  In all experiments the shaking was more than adequate to 
keep the eggs uniformly distributed throughout the medium. 
For special purposes it was sometimes advisable to increase the concentration of 
eggs, e.g. in order to take more frequent readings with measurable consumptions 
of oxygen.  In general an increase in concentration of eggs requires a greater rate 
of shaking, unless there is already a good margin.  Most of the measurements were 
made with egg concentrations ranging from 1 part in 25 to 1 part in 100 by volume 
of sea water.  Throughout this range forty-eight shakes per minute gave similar 
absolute measurements of rate.  At this rate of shaking however 1 part of eggs in 
5  of sea  water yielded a  measure which  was  approximately half  the  standard 
absolute rate, and 1 part in 8 about 65 per cent.  These low rates also continued 
to drift lower with time, indicating that gas equilibrium was not being maintained 
TABLE  I 
Consecutive Hourly Measurements of the Rate of Oxygen Consumption by Unfertilined 
Chaetopterus Eggs in an 8 Hour Run.  A  Typical Good Experiment 
Hours  Rate (mm.t 02 per hour per 10 ram.  s eggs) 
1 
2 
3 
4 
5 
6 
7 
8 
2.4 
2.5 
2.5 
2.4 
2.4 
2.4 
2.3 
2.4 
even at this fairly rapid rate of shaking, which was entirely adequate for lesser 
egg concentrations.  One of the reasons for avoiding high concentrations of eggs 
is that they require high rate of shaking which damages the eggs. 
The measurements were made in a thermostat at 21°C. 4- 0.05.  Four Warburg 
manometers with rectangular vessels were used in each experiment.  These were 
designed to hold a large fluid volume compared with the gas volume in order to 
increase sensitivity of measurement and make it possible to use comparatively 
dilute egg concentrations.  These vessels were approximately 40 ram.  long,  15 
mm. wide, and 11 turn. high, inside dimensions, with wells for KOH and bulbs on 
the  side  to  hold  sperm  suspensions  or  KOH.  The  manometer  capillaries 
were small, 0.6 nun. in diameter, to lessen the gas volume, and especially that part 
of it outside the thermostat and therefore not subject to temperature control.  In 
the four vessels the total working volumes were 8.62, 8.95, 8.96, and 9.01  cc.  In 
the experiments either 2 cc. or usually 4  cc. of sea water or egg suspension were 
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4:5.  This increased the sensitivity of measurement to about five times that of 
some of the standard conical types of vessels.  In the rectangular vessel it is pos- 
sible to increase the depth of fluid without decreasing the area of gas contact as in 
the conical vessel.  The depth of fluid was approximately 3.5 ram. when the ves- 
sels contained 2 cc., and twice as deep when the vessels contained 4 cc. 
In  the  typical  experiment,  one  vessel contained  sea  water  and  served as  a 
barometric control, two contained unfertilized eggs, and the fourth contained sea 
water to which sperm were added in the same amount and at the same time that 
one of the egg containing vessels was inseminated.  Just prior to the addition of 
sperm suspension a like volume of water was withdrawn in order to keep the vol- 
ume of solution constant.  This fourth vessel served as a control for the respiration 
of the spermatozoa.  In all cases this was found to be negligible; i.e., of the order 
of the limits of measurement or less.  Each of the vessels contained 0.2 or 0.4 cc. 
5 per cent KOH solution in the well or bulb to absorb CO2.  After measurements 
had been made of the respiratory rate of the unfertilized eggs, taken consecutively 
every 10,  15, or 20 minutes for more than an hour, or until a series of concordant 
values had been obtained,  one of the vessels was inseminated.  The other  egg- 
containing vessel served as an unfertilized control.  In a number of cases this un- 
fertilized control was also inseminated later, so that it came to be a second measure- 
ment, but with any errors due to environmental variables shifted to a different time 
period after insemination compared with the first vessel inseminated. 
The pH of the Medium 
The 5 per cent KOI-I solution in the well absorbs  CO2 from the gas space, and 
therefore tends to shift  the buffer system in the alkaline direction.  Some  time 
before the measurements  on the Chaetopterus eggs were made a  few  blank runs 
were made with sea water and with tap water in conical vessels with indicator dyes. 
In both a  slow but  steady alkaline shift occurred.  In the sea water the pH de- 
terminations were only approximate as there was a  salt error.  After an hour of 
shaking  the  pH  of  the  sea  water  was  between  8.4  and  8.6.  After 2½ hours it 
had become about 8.8; after 4 hours about 9 or 9.2.  After 4 hours shaking was 
stopped but  the vessels remained unopened  overnight and  the next day after a 
total of 23 hours, it was of the order of 9.8.  In another  similar experiment after 
a total of 20 hours it was about 9.5. 
It is obvious however that with tissues in the medium which are producing CO2 
the alkaline drift will be retarded if not completely neutralized or reversed.  It 
will not be reversed, if the shaking maintains gas equilibrium, so long as the KOH 
solution is unsaturated and has adequate surface exposure.  For reasons already 
considered it seems safe to assume that  suppressing acidity was avoided by em- 
pirically finding the adequate rate of shaking for the concentration of eggs used. 
Many of my measurements lasted only about 2 hours, and in these had there been 
no compensatory CO2 production whatsoever the pH might have been raised to 
around 8.7 or 8.8, and in the 8 hour experiments to above 9.  It is well established D.  M.  WHITAKER  479 
that alkalinity tends to increase respiratory rate, although the effect is not great 
until pH 9.5 or 10 is approached.  In fact, however, due to egg production of C(h 
this alkaline drift  must  have  been  considerably retarded.  It is hardly to  be 
supposed that the compensation was exact so that no change of pH took place, 
although the compensation was probably quite  close.  It would be possible, by 
special means, to keep exact measurement of the pH during an experiment, but 
this seems not very necessary in view of the biological check which exists.  Since 
repeated consecutive measurements for 8 hours (the longest runs made) on unfer- 
tilized eggs, which have a  high rate of respiration, showed constant respiratory 
rate, it appears that under  the conditions pH change was not great enough  in 
either direction to change the respiratory rate measurably.  Neither was it great 
enough to alter the fertilizability or the development of the eggs. 
Preparation of the Eggs 
A large fresh female Chaetopterus was placed in a  finger-bowl of sea water and 
the tip of each parapodium was cut off with a  pair of scissors.  More than  ½ cc. 
of eggs then exuded into the sea water.  The female was removed, and debris was 
taken out with forceps.  A certain amount of mucous remained with the eggs but 
this was removed by at least three thorough washings of the eggs, the sea water 
being pipetted off after the eggs had settled to the bottom.  Care was taken not to 
remove so much sea water as to compress the eggs on the bottom.  Pouring the 
water off was also avoided for the same reason.  This washing process took about 
an hour.  In no case were eggs used which had not been in sea water for an hour. 
These eggs are immature when shed, but as soon as they come into sea water mat- 
uration processes proceed to the metaphase of the first polar spindle.  The eggs 
rest in this stage indefinitely until fertilized.  At 20°C. this process has been com- 
pleted in about 15 minutes.  For at least 8 hours after this, the tmfertilizedeggs  are 
uniform with respect to respiratory rate, and developmental potentiahties. 
Fertilizing the Eggs 
The eggs were fertilized in the manner described in the second paper of this 
series (19).  It was found that spermatozoa in a shallow drop, even if concentrated, 
do not retain high fertilizing power very long when kept in the bulb of the vessel, in 
a  C02-free atmosphere, t  In most cases therefore the  spermatozoa were  either 
added directly to the opened vessel, after prefertilization measurements had been 
made on the eggs, or else placed in the bulb only about 10 minutes before insemina- 
tion.  In the former case no measurement was obtainable covering the first 10 or 
15 minutes after fertilization, whereas in the latter case measurement was made 
covering the period beginning at insemination. 
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RESULTS 
Following Warburg (16)  when KOH  is used to absorb CO2: 
x=  h  Po 
where x  =  ram.  ~ O3 consumed; h  =  change in pressure (observed) in 
millimeters manometer fluid (Brodie's fluid) at constant volume; Vg 
=  volume in ram? of the gas space from the sea water to the manom- 
eter meniscus; V1 =  fluid volume in ram.3; ~  =  solubility coefficient 
of 02 in sea water (Bunsen:s  coefficient) ;2 Po  =  standard pressure in 
millimeters of  manometer  fluid  (10,000  ram.  Brodie's fluid  =  760 
ram. Hg).  The results are therefore expressed in ram? O~ at standard 
temperature and pressure, but corrections were not made for devia- 
tions from 760 ram. Hg of the actual barometric pressure in the labora- 
tory. 
Twenty-two separate measurements were made of the absolute rate 
of oxygen consumption by unfertilized eggs.  The  volume of eggs 
which had been used in a vessel was determined by centrifuging in a 
calibrated vaccine tube  in which  volume  could be  read to  1 ram2. 
The eggs were centrifuged until no decrease in volume resulted from 
further centrifuging.  Examination showed that the  eggs were  dis- 
torted enough to pack tightly, but there was no doubt some space 
between the eggs so that the volumes read (and used without correc- 
tion) are slightly too great.  Each value listed in Table II as from an 
independent  measurement  is  the  average  of  consecutive  readings 
taken 5, 10, 15, 20, or 30 minutes apart for a total of between 40  and 
65 minutes.  The great majority are for 1 hour.  The values are ex- 
pressed in ram.  30~ per hour per 10 ram) eggs.  The column (Table 
II)  headed  "additional measurements"  represents  values  obtained 
from additional hourly measurements, after  the 1st  hour, upon  the 
same eggs which are represented in the first column.  The average 
value  for  the  twenty-two  independent  measurements  for  the  1st 
The value of o~, the solubility coefficient of oxygen in sea water in parts  per 
part,  was calculated from Fox's (2)  formula and tables, and from Page's (9)  data 
on the salinity of Woods Hole sea water.  At 21°C.  the value of o~ is 0.025.  At 
18°C. it is 0.027. D.  M.  WHITAKER  481 
hour is 2.43 ram. s Os per hour per 10 ram. s eggs, with a  probable error 
of  4-0.13,  while the  average for the  twenty-one  additional measure- 
ments is 2.41.  The very close agreement between these two groups is 
indicative of the reproducibility of the measurements  on Chaetopterus 
TABLE  II 
The, Rate of Oxygen Consumption by Unfertilized Chaetopterua Eggs 
Independent 
measurements 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
Mm.  s  02  per  hour  per 
I0  mm.s eggs 
2.0 
2.5 
2.5 
2.0 
2.4 
2.6 
2.6 
2.7 
2.5 
2.6 
2.5 
2.4 
2.6 
2.5 
2.1 
2.5 
2.4 
2.2 
2.5 
2.4 
2.4 
2.5 
r 
Additional  measurements 
of approximately 
1 hour each 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
Mm.  s 02 per hour per 
10 mm.S eggs 
2.5 
2.5 
1.9 
2.4 
2.2 
2.2 
2.8 
2.5 
2.5 
2.5 
2.5 
2.5 
2.7 
2.4 
2.1 
2.5 
2.4 
2.4 
2.4 
2.4 
2.3 
Average..  2.43, P. ~. 0.13  Average..  2.41, P. z. 0.135 
Over-all average (forty-three measurements)  ....... 2.42, p.r~. 0.13.  temp. 21°C.  -4-  .05 
eggs,  and  further  evidence of the lack of change  in  respiratory  rate 
with longer shaking.  The over-all average rate, forty-three cases, is 
2.42  4- 0.13  (P.E.) 8 ram. 30~ per hour per 10 ram. 8 eggs. 
s The computation of the probable error involves the assumption that the in- 
dividual measures are scattered at random about the true value; i.e., that there is 
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The  change  in  rate  of oxygen consumption  after  fertilization  has 
been calculated as a percentage of the prefertilizatiou rate of the same 
sample of eggs.  The prefertilization  rate was measured for from 40 
minutes to 11 hour before the eggs were inseminated.  As is seen in 
Fig. 1, the rate during the 1st hour after fertilization rises only slightly. 
For convenience, the average rate for the 1st hour  after  fertilization, 
or that part of it measured, has been arbitrarily chosen for comparison 
with  the  prefertilization  rate,  and  Table III  shows  the  results  of 
twenty-two such comparisons, with the rate of the fertilized eggs ex- 
pressed as a  percentage.  The  part  of the  1st  postfertilization  hour 
measured is indicated, and also the percentage fertilization.  In deter- 
mining the percentage fertilization  counts were made on at least 200 
eggs.  There  is some room for error,  however, especially in  cases of 
low percentage  fertilization,  as it is at least possible that  some eggs 
might be partially activated enough to undergo a  respiratory change 
without  giving morphological  evidence of fertilization.  I  am led to 
suspect this in a  few cases, such as the first experiment in Table III, 
where the respiratory change is greater than the observed percentage 
fertilization  should bring  about.  The  converse error does not exist. 
When 95 or 100 per cent of the eggs are unquestionably Iertilized,  the 
remainder  represent so small a part of the whole, that it would make 
little difference if some of them were partially activated.  It is much 
safer therefore to draw conclusions from Table III from those cases in 
which  the percentage  fertilization  is high.  It will be seen  that  the 
average for the 1st hour after fertilization is 53.3 per cent of the pre- 
fertilization rate in the six cases in which the percentage fertilization is 
99 per cent or better.  For the ten cases in which the percentage fer- 
tilization is 90 per cent or better, the average rate for the 1st hour is 
54 per cent of the prefertilization rate.  It seems safe to conclude that 
the true rate,  assuming  100 per cent fertilization,  is very close to 53 
per cent.  It is also seen that the eleven cases in which the percent- 
age fertilization is less than 90 per cent, although they are of less value 
for absolute purposes,  entirely bear out the results of the cases with 
high percentage fertilization.  Without exception the rate of oxygen 
consumption drops following fertilization. 
In ten experiments a measurement was made beginning immediately 
after insemination.  The shortest interval  so covered was 5 minutes. D.  ~s.  WmTAX~g  483 
In the first 5 or 10 minute period following insemination  the eggs were 
found to respire at practically the same rate as in the second 5  or 10 
minute interval, or at a  very slightly lower rate.  (See  Experiment 5, 
TABLE  III 
Chaetopterus.  The Rate of Oxygen Consumption by Fertilized Eggs Expressed as a 
Percentage of the Prefertilization Rate of the Same Sample of Eggs 
Experiment  Postfertilizatlon time  Average rate, as percent-  Percentage fertilized 
interval covered  age of prefertilized rate 
rain.  lber cent 
1 
2 
3 
4 
5 
5 
6 
7 
8 
9 
10 
11 
12 
i3 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
10--60 
O-60 
10-30 
O-60 
O-7 
O-60 
0-50 
0-60 
15-60 
0-60 
0-60 
0-60 
O-60 
O-60 
10-60 
10-60 
15-60 
15-60 
10-60 
10-60 
10-60 
10-60 
15-60 
15-60 
~er cent 
67  25 
56  90  + 
50  90 
66  75- 
51  100 
54  100 
52  99  + 
51  99  + 
83 
58 
67 
59 
54 
51 
59 
54 
68 
70 
55 
86 
66 
59 
69 
72 
40 
99 
75-85 
90  + 
90 
99- 
75 
99 
40  + 
40 
95 + 
30-40 
? 
? 
40-50 
50 
Average 6 experiments with 99-100 per cent fertilization 53.3 per cent 
Average 5 experiments with 90-95 per cent fertilization 54.8 per cent 
Average 11 experiments with 90-100 per cent fertilization 54.0 per cent 
All other cases confirm drop in respiratory rate following fertilization. 
Table III.)  It therefore appears that the drop in rate at fertilization 
takes place very suddenly.  With my  apparatus it was not possible 
to  make  accurate  readings at  intervals more frequent than  every 5 484  RATE  OF  OXYGEN  CONSUMPTION  BY  EGGS.  IV 
minutes.  If there is any very extreme change at the instant of fertili- 
zation, comparable to that which Shearer  (11)  reports for the rise in 
rate in the sea urchin egg, it must be of such brief duration as to in- 
volve only a  very small amount of oxygen.  There is nothing in my 
results which indicates any such great change in rate. 
At 21°C. the time after fertilization at which 50 per cent of a popula- 
tion of eggs have reached certain morphological stages was observed to 
be as follows:  4 first polar body,  14.5  minutes;  second polar body, 27 
minutes; pear-shaped stage, 46 minutes; polar lobe bulge, 52 minutes; 
cleavage with polar lobe attached, 58 minutes; complete cleavage with 
polar lobe resorbed into one blastomere,  62  minutes; 4  cell stage,  82 
minutes.  In order to discover if these events are accompanied by any 
change  in  respiratory rate  it  would  be  necessary to make measure- 
ments at very frequent time intervals  5 or else to adjust carefully the 
intervals of measurement for the purpose.  This was not done in the 
present case, but enough measurements fall by chance at times to give 
some  evidence,  and  to  indicate  that  changes  associated  with  these 
events are very slight if they exist at all. 
Measurements were made most intensively and are most numerous 
covering the first hour and a half to 2 hours after fertilization.  A num- 
ber of measurements  were made  covering a  longer period.  8  hours 
after fertilization, at 21°C., the Chaetopterus  blastulae have developed 
cilia  and  are  swimming  actively.  Four  good  measurements  were 
made to about 8 hours, two more to about 7 hours, two more to about 
4 This schedule is for eggs which have been in sea water at least 15 minutes, 
to attain the resting stage in the metaphase of the first polar spindle.  Chaetop- 
terus eggs may be fertilized immediately upon removal from a parapodium, but 
in this case the development is delayed to the extent of the time required for the 
reorganization of the nucleus which also takes place in sea water in the absence of 
fertilization.  At 25.5°C. samples of eggs were inseminated 30 seconds, 15 minutes, 
30 minutes, 45 minutes, and 60 minutes after being placed in sea water.  The time 
lapses from insemination until 50 per cent of the population cleaved was respec- 
tively: 59, 45, 46, 45, 46 minutes.  In other words, eggs inseminated immediately 
upon being placed in sea water cleave only a minute earlier than eggs inseminated 
15 minutes later.  Eggs which have been in sea water an hour have the same time- 
lapse to cleavage as eggs which have been in sea water 15 minutes. 
5 j. Gray (3) has done this using the sea urchin egg and finds no change in the 
rate of oxygen consumption associated  with cleavage. D.  ~.  WHIZAKZR  485 
6, and a larger number of various lesser lengths.  These measurements, 
arranged as percentages of the prefertilization rate of the same sample 
of eggs in each case, and then set at the standard absolute rate, were 
all  plotted  on  one  graph.  They include  various  time  intervals  be- 
tween measurements.  Fig.  2  shows the  higher  percentage  fertiliza- 
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FIG. 1. The average relative rate of oxygen consumption by Chaef;optcrus eggs 
until 8 hours after fertilization, at 21°C.  Ciliary activity develops as follows:  6 
hours 15 minutes, a few embryos begL~mg to vibrate cilia slightly; 6 hours 30 
minutes, a few very slowly rotating;  6 hours 45 minutes,  about half swimming 
very slowly; 7 hours, most SWimming  fairly actively; 8 hours, very active, swim- 
ruing fast and high. 
tion data in this plot.  A smooth resultant curve was drawn free hand 
and is given in Fig.  1.  Fig. 2 thus gives the primary data on which 
the curve shown in Fig.  1 is based.  Fig.  1 has also been influenced 
however by additional  data,  mostly from lower percentage  fertiliza- 
tions, and in the early part  (first 2 hours) by a large number of other 486  RATE  O1  e  OXYGEN  CONSUMPTION  BY  EGGS.  IV 
measurements,  results  of which  are  given  averaged  for  the  1st  hour 
in Table III.  These have been omitted from Fig.  2  because they are 
so superimposed that they could not be shown without great enlarge- 
.~% 
15o 
14o 
~3o 
fao 
0  o 
Io0 
0  K 90 
~eo 
Z: 
S 70 
,.=,6O 
~ 50  ..... 
b  40 
,.I 
N .3o 
~ ao 
0 
-__~=_  =.  -  ....... 
-= ~¥=_:~,_-.", - 
-':L-:.,. 
-  :÷;~-=xL_==.=...  ..... 
--  99+~  FERT. 
......  99-%  FERT. 
.......  95*%  FEINT. 
...........  9g  %  FEP.T. 
.......  90*,'%  F EP.T. 
.....  90  %  FEP-T.. 
I  E  5  4  5  6  7  8 
HOUR5  AFTER  FEI~TILIZATIOH 
FIG. 2.  The relative rate of oxygen consumption by fertilized Chaetopterus eggs 
at  21°C.  These six  series of actual measurements are the primary data upon 
which Fig.  1 is based  (see text).  Inspection of the individual series shows that 
after 5 hours the rise in respiratory rate with increasing ciliary activity is in each 
case much more like the curve in Fig. 1 than the whole grouping of measurements 
at first suggests.  After 5 hours the several series have come to be slightly out of 
phase. 
ment of Fig.  2.  Until  ciliary  activity  begins the curve is sigmoid be- 
tween the  time  of fertilization  and 6  hours or 6} hours after fertiliza- 
tion.  It is slightly asymmetric.  The prefertilization rate is regained 
at  between 4½  and  5  hours  after  fertilization.  The  development  of D.  ~.  WmTAXER  487 
ciliary activity, with great increase in the rate of oxygen consumption, 
begins quite gradually and takes nearly 2 hours to get well under way. 
The times at which different degrees of ciliary activity have been at- 
tained  are indicated in Fig. 1 (legend).  This  curve for the Chaetop- 
terus egg is quite similar after fertilization to the corresponding curve 
for the sea urchin derived by J. Gray (4).  The striking difference is 
in the opposite direction of the change at  fertilization. 
Arbacia pumtulata 
After the drop in rate of oxygen consumption by Chaetopterus eggs 
following fertilization  had been proven apparently beyond doubt, in 
the  summer of  1930  I  decided to make  a  few measurements  of the 
change in the egg of the sea urchin Arbacia.  An increase in rate of 
from 400 per cent to 700 per cent in the sea urchin egg has been so well 
established  by different  investigators,  working  on  different  species, 
that it seemed worth while to use this egg as a check on my apparatus 
and  methods,  even  though  I  could not  think  of any possible gross 
error.  For  this  purpose  I  made  six  measurements.  Although  the 
percentages fertilization  were not especially good it was at once ob- 
vious that a great increase in rate of respiration followed fertilization. 
It was also found necessary to use much higher concentrations of un- 
fertilized eggs as they respire at a much lower rate than the unfertilized 
Chaetopterus eggs.  The  results  of these measurements  are  given  in 
Table IV. 
These data of 1930 (Table IV) are quite variable and therefore not 
altogether satisfactory.  It is more difficult to make accurate meas- 
urements with these eggs than with Chaetopterus eggs because of the 
tendency of the Arbacia eggs, especially the unfertilized eggs, to cyto- 
lize when  shaken.  I  did not  find  so clear-cut  or definite  a  span  of 
shaking rates over which the measured absolute rate was constant as 
in the case of the Chaetopterus eggs.  A  glance at Table IV will show 
that  the measurements  made with forty-eight round trip shakes per 
minute indicate a higher absolute rate than those with slower shaking. 
Are these too high due to cortical damage  e or are the lesser rates too 
e Cytolysis has repeatedly been found to greatly  increase the rate of oxygen 
consumption by unfertilized sea urchin eggs.  Hypertonic solutions or a variety 
of cytolytic agents have been found to have this effect by Warburg  (14), Loeb 488  RATE  OF  OXYGEN  CONSUMPTION  BY  EGGS.  IV 
TABLE  IV 
The absolute rate of oxygen consumption by unfertilized Arbacia eggs and the 
relative rate in each case of the same sample of eggs after fertilization.  The egg 
concentrations are expressed in terms of unit volume of eggs per units volume of 
sea water, and the shaker rate is round trip shakes per minute, with 7.5 cm. ampli- 
tude.  Measurements made in 1930. 
Experl-  Eg8  conc~ 
ment  tratk 
L:11 
L:11 
L:17 
L:8 
~:10 
~:10 
Oxygen con- 
]  sumption by 
Rateof [  unfertilized 
shaker  eggs in mm.  3 02 
per hour per 
10 ram.  a eggs 
48  0.47 
48  0.49 
36  0.30 
36  0.36 
36  0.42 
36  0.28 
Relative 
rate,  Fertili- 
eggs  [ zation 
____fertilized __ 
p,.n, cent  [ per cenl 
215  [  50 
170  [  30 
233  ]  15+? 
370  [  65 
209  [  25 
511  [  80 
Relative rate 
fertilized  eggs, 
extrapolated 
to  100 per cent 
fertilization 
per cen| 
320 
330 
522 
560 
604 
Condition of eggs at end 
of measurements 
Good 
Small  per  cent  of 
eggs  slightly  cy- 
tolized 
10 per cent  of eggs 
cytolized 
Excellent 
Small  per  cent  of 
eggs  slightly  cy- 
tolized 
Good 
low due to inadequate gas exchange?  In favor of the former (assum- 
ing other workers' results to be approximately correct) is the relation 
between the absolute rate and the percentage increase at fertilization. 
and  Wasteneys  (6),  and  Runnstr6m  (10).  There  is  therefore  great  danger  of 
obtaining too high a  measurement of the rate of oxygen consumption by unfer- 
tilized eggs if damage is inflicted by too rapid shaking or in any other way.  Both 
Wasteneys  (17)  (Arbacia)  and RunnstrSm  (10)  have fotmd that unfertilized sea 
urchin eggs which are merely not entirely fresh; i.e., after standing for some time 
in sea water,  exhibit a  decidedly elevated rate of oxygen consumption.  Shearer 
(12) makes a point of recognizing the danger of increasing the rate of respiration 
and of heat production by cytolysis.  My own observations on both Arbacia and 
Fucus  eggs  (unfertilized)  are  that  respiratory  increase  is  induced by too rapid 
shaking when the cytolysis is quite superficial and before it becomes visibly con- 
spicuous. 
The potential  increase  in respiratory rate of this  unfertilized  egg, so readily 
called forth by a wide variety of physical and chemical agents which tend to ac- 
tivate it, renders it poorly suited to some types of metabolism experiments which 
could more advantageously be performed with some other egg. D.  M.  W~ITAKER  489 
It is from an absolute rate for the unfertilized egg of about 0.4 (Table 
IV)  that  an  increase  of  the  order  of  fivefold  follows  fertilization. 
However these results are too meager to permit us to more than  sup- 
pose the  correct value to be of the order of 0.36 to  0.5  mm? O3 per 
hour per 10 mm.  s eggs.  (This compares with 2.4 for Chaetopterus.) 
Due  to  relationships  between  the  absolute  rates  of  the  different 
species of eggs which I  found when organizing my data it became in- 
teresting to know the absolute rate, especially of the fertilized Arbacia 
egg, fairly accurately.  In the  sumraer of 1931  I  decided, in hopes of 
greater  accuracy,  to  confine some  further measurements  to  the  fer- 
tilized  eggs,  which  had  been  fertilized  in  finger-bowls  before  being 
placed in manometer vessels.  The higher rate of respiration of the 
fertilized eggs permits  the  use  of less  concentrated egg  suspensions, 
and  I  hoped  that  the  fertilization membrane would  tend  to protect 
the eggs from damage in shaking.  There is also some reason  7 to sup- 
pose that the respiratory rate of the fertilized eggs, in which the great 
respiratory change at activation has already taken place, would be less 
affected by slight damage from shaking. 
I used fresh sea urchins which I collected myself in Hadley Harbor in August. 
As in  1930 the gametes were obtained from the animals  in  the following way: 
With a  pair of scissors the animals  were cut in half around  the equator.  The 
upper half contained the gonads.  The viscera and body fluids were removed and 
7 Warburg (14) found that fertilized eggs treated with hypertonic solutions in- 
creased the rate of oxygen consumption after return to normal sea water by more 
than threefold.  Loeb and Wasteneys (6) found that the rate of the unfertilized 
eggs was increased by  such solutions to about the level of the fertilized  eggs, but that 
the rate of fertilized eggs was not further increased.  They found however (7, 8) 
(as Warburg had earlier)  that the rate of oxygen consumption by fertilized sea 
urchin eggs is increased  by bases  especially when the egg cortex is "etched" or 
damaged, more so in Arbacia than in S. purpuratus.  RunnstrSm (10) finds that 
both hypertonic and  hypotonic solutions,  while  increasing  the rate of oxygen 
consumption by unfertilized eggs, decrease that of the fertilized eggs.  Warburg 
(15) found that complete destruction of the fertilized egg cells results in a decrease 
in  the rate of oxygen consumption.  These discrepancies  may be partly if not 
largely dependent upon different degrees of damage or destruction of the cells. 
It appears probable that  a  certain moderate degree of cortical damage might 
abnormally increase  the rate of oxygen consumption by fertilized eggs as it un- 
questionably does in the case of the unfertilized sea urchin eggs. 490  RATE  OF  OXYGEN  CONSUMPTION  BY  EGGS.  IV 
the half shell was inverted in a finger-bowl containing shallow sea water.  Arbacla 
which are ripe extrude gametes in large quantities through the gonopores into the 
finger-bowl when prepared in this way.  Only ripe gametes are extruded, and they 
receive no rough treatment as they may when strained from ovarian tissue through 
coarse cloth.  Eggs were washed several times and were then inseminated.  Before 
they were put in manometer vessels supernumerary spermatozoa were largely re- 
moved  by further washing.  Volumes were determined by centrifuging the eggs at the 
termination of the measurement in calibrated vaccine tubes until further centri- 
fuging caused no further decrease in volume.  Due to the presence of the fertiliza- 
tion membranes, and to some space which no doubt occurred between eggs (which 
distort however and pack tightly) the observed volumes are no doubt slightly too 
high.  In most cases the space between the egg and the fertilization  membrane 
was obliterated in  centrifuging so that the membrane fitted tightly to the egg. 
The contents of the space beneath the membrane was probably forced out through 
a  rupture in the fertilization membrane.  In  three cases  the fertilization mem- 
branes were mostly thrown off in the centrifuge and lay in a separate layer above 
the eggs. 
The results of sixteen measurements are shown in Table V.  These 
results  are  fairly  uniform  and  give  a  better  measure  of  the  rate  of 
oxygen  consumption  by  recently  fertilized  Arbacia  eggs  than  is  ob- 
tainable  from Table  IV. 
The  average  of  all  measurements  up  to  (but  not  including)  the 
measurement  covering  the  1st  hour  after  fertilization  is  2.0  mm.  3 
02 per hour per 10 rain. 3 eggs.  This includes some measurements on 
eggs less than  100 per cent fertilized and is therefore on this score too 
low,  but  this  is offset since  the  consecutive measurements  shown  in 
Table V  show  that  the  rate  is  rising with  time even within  the  1st 
hour after fertilization  (apparently more rapidly than in Chaetopterus, 
see Fig.  1).  The  average of the  first measured intervals  of the  nine 
series  of  measurements  in  which  98-100  per  cent  of  the  eggs  were 
fertilized  is  negligibly  below 2.0.  The  average  time  interval  after 
fertilization  of these measurements is the period 23-38 minutes,  with 
limits of 20 and 45 minutes after fertilization.  The rate at a time still 
closer to  fertilization would probably be slightly lower  (omitting the 
brief  great  rise  which  Shearer  (11)  reports  in  the  1st  minute  after 
fertilization  in  the  sea urchin Echinus  microtuberculatus). 
From  the  data  in  Table  IV on  unfertilized  eggs,  and  in  Table  V 
on  fertilized  eggs,  the  percentage  increase  following fertilization  can 
be estimated, being limited in accuracy by the measurements on the D.  M.  WHITAKER  491 
TABLE  V 
Fertilized Arbacia eggs.  All measured periods up to 1 hour after fertilization, 
including lesser percentages  fertilization, averaged, rate  =  2.0 ram? 02 per hour 
per 10 mm? eggs.  Nine cases with 98 to 100 per cent fertilization, first measured 
periods  averaged  (average  time  interval  =  23-38  minutes  after  fertilization) 
=  2.0 mm.  a 02 per hour per 10 ram? eggs. 
Showing that respiratory rate is rising:  average of all 15 minute measurements 
(of runs which go at least to 80 minutes after fertilization) terminating at or in- 
cluding the time:  50 minutes after fertilization, (twelve cases not all 100 per cent 
fertilization)  2.2.  Same  twelve  cases  at  80  minutes:  2.7;  seven  cases  at  95 
minutes: 3.1. 
Ex- 
peri- 
ment 
Shaking rate 
round trip 
shakes per 
rain. 7.5 cm. 
amplitude 
40 
40 
40 
g0 
40 
40 
Condition of eggs at 
end of experiment 
Excellent. 
Less than ½  per cent 
show  slight  cy- 
tolysis. 
Excellent. 
No cytolysis. 
Excellent. 
No cytolysis. 
Excellent. 
Perfect cleavages. 
No cytolysis. 492  RATE  OF  OXYGEN  CONSUMPTION  BY  EGGS.  IV 
TABLE  v--Continued 
Ex.-  Egg 
pen-  suspen- 
merit  sion 
Mm 
egg~ 
i  Absolute  Shaking rate  Period 
Ratio egg  round trip  Fertili- after fertili- rate mmJ 
volume:  shakes  per  zation of  O2 per  sea water  zation  hour per  volume  min.  7.5 em.  measure-  10 mm.~ 
amplitude  ment  eggs 
t ..... 
i  per 
cent 
74  1 : 55  40  95 
i 
J 
! 
63  1 : 63  !  40  100 
62  1: 63  40  99 
i 
63  1 : 63  40  99 
90  1:43  40  85 
89  1: 43  40  85 
50 
2540  2.3 
40-55  2.7 
55-70  2.8 
70-85  3.6 
20-35  1.3 
35-50  1.8 
50-65  2.6 
65-80  2.3 
80-95  2.7 
20-35 
35-50 
50-65 
65-80 
80-95 
20-35 
35-50 
50-65 
65-80 
80-95 
1.4 
1.8 
3.0 
2.3 
3.0 
2.0 
2.2 
3.2 
3.0 
3.0 
37-52 
52-67 
67-82 
1.4 
1.5 
1.8 
37-52 
52-67 
67-82 
1.5 
1.7 
1.8 
100  1:19  96  2540  1.5 
40-55  1.9 
55-70  2.4 
70-85  2.7 
85-10G  3.1 
100-115  3.0 
115-13G  3.0 
Condition  of eggs at 
end  of experiment 
No cytolysis. 
Excellent. 
Perfect cleavages. 
No cytolysis. 
Good.  No cytoly- 
sis. 
Good.  No cytoly- 
sis. 
Excellent. 
Trace  of  cytolysis 
affecting  less 
than  5  per  cent 
of eggs. D.  M.  WHITAKER 
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Ratio egg 
Ex-  Egg  i  Mm.2  volume: 
peri-  suspen- i 
ment  sion  eggs  sea wat~ 
volume 
i  , 
96 
46 
1:20 
1:42 
Absolute [  Shaking rate  Period  rate mm.S [ 
round trip  after fertili-  O2 per  [ 
shakes per  Fertili-  zation of 
rain. 7.5 can.  zation  hour per  [  measure-  10 mm.s 
amplitude  ment  eggs 
mln. 
50  25-40  2.1 
40-55  2.1 
55-70  2.6 
70-85  3.0 
85-10~  3.4 
100-115  3.2 
115-13{]  3.3 
50  23-38 
38-53 
53-68 
68-83 
83-98 
45  1:43  50 
Condition of eggs at 
end of experiment 
Excellent. 
No cytolysis. 
Perfect cleavages. 
1.2  Excellent. 
2.5  Perfect cleavages. 
2.5 
2.8  No cytolysls. 
3.1 
23-38  2.7  Excellent. 
38-53  3.0  Perfect  cleavages. 
53-68  2.8 
68-83  3.3  No cytolysis. 
83-98  3.1 
unfertilized eggs.  If the value 0.4 is accepted for the unfertilized eggs 
the increase is  appro~mately fivefold.  If the  higher  value  0.5  is 
taken the increase is about fourfold.  Loeb and Wasteneys  (5)  found 
an increase of nearly or about fourfold for this  species.  Tang  (13) 
reports an increase of fivefold.  In  applying my data  on Arbacia in 
Fig. 1 (21) I am using the value 0.4--0.5 ram? O~ per hour per 10 ram.  s 
eggs for the unfertilized eggs, and 2.0 for the fertilized eggs.  These 
absolute values are very considerably below Tang's absolute values. 
This discrepancy will be considered in the fifth paper of this series (21). 
SU~rM~.RY 
I. Unfertilized  eggs of C~elopterus consume  about  2.4 ram,  s  O~ 
per hour per I0 ram.  8  eggs at 21°C. 
2.  In the  1st hour after  fertilization, the  fertilized eggs  consume 494  RATE OF  OXYGEN CONSUMPTION BY  EGGS.  IV 
oxygen at about 53 or 54 per cent of this rate, which is about 1.3 ram. 3 
O2 per hour per 10 mm. 3 eggs at 21°C. 
3.  For the first 6 hours after fertilization, at 21°C., the curve of the 
rate of oxygen consumption is slightly asymmetrically sigmoid.  The 
prefertilization rate is regained between 41  and  5  hours  after fertili- 
zation.  Soon  after 6  hours,  ciliary activity begins,  and  the  rate  of 
oxygen consumption rises rapidly. 
4.  The unfertilized eggs of Arbacia punctulata  consume about 0.36- 
0.5 mm.  ~ 02 per  hour  per  10  mrn.  3 eggs at  21°C.  The absolute de- 
termination is difficult as these eggs are highly sensitive to shaking in 
the manometer vessels, and these difficulties are discussed. 
5.  The fertilized eggs of Arbacia punctulata  consume oxygen at the 
rate of about 2.0 ram. 3 02 per hour per 10 ram. 3 21°C.  At 1 hour after 
fertilization the  rate is  already rising. 
6.  A  comparison of the absolute rates of oxygen consumption, and 
the changes in rate at fertilization of these and a number of other eggs, 
together with a theoretical discussion, and a discussion of discrepancies 
in measurements on the eggs of Arbacia punctulata, is contained in the 
fifth paper of this series  (21). 
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